There is growing recognition that psychological stress influences pain. Hormones that comprise the physiological response to stress (e.g. corticosterone; CORT) may interact with effectors of neuropathic pain. To test this hypothesis, mice received a spared nerve injury (SNI) after exposure to 60 min restraint stress. In stressed mice, allodynia was consistently increased. The mechanism(s) underlying the exacerbated pain response involves CORT acting via glucocorticoid receptors (GRs); RU486, a GR antagonist, prevented the stress-induced increase in allodynia whereas exogenous administration of CORT to non-stressed mice reproduced the allodynic response caused by stress. Since nerve injury-induced microglial activation has been implicated in the onset and propagation of neuropathic pain, we evaluated cellular and molecular indices of microglial activation in the context of stress. Activation of dorsal horn microglia was accelerated by stress; however, this effect was transient and was not associated with the onset or maintenance of a pro-inflammatory phenotype. Stress-enhanced allodynia was associated with increased dorsal horn extracellular signal-regulated kinase phosphorylation (pERK). ERK activation could indicate a stress-mediated increase in glutamatergic signaling, therefore mice were treated prior to SNI and stress with memantine, an Nmethyl-D-aspartate receptor (NMDAR) antagonist. Memantine prevented stress-induced enhancement of allodynia after SNI. These data suggest that the hormonal responses elicited by stress exacerbate neuropathic pain through enhanced central sensitization. Moreover, drugs that inhibit glucocorticoids (GCs) and/or NMDAR signaling could ameliorate pain syndromes caused by stress.
Introduction
Individuals suffering from cancer, stroke, spinal cord injury and multiple sclerosis often become debilitated by neuropathic pain. Pain likely develops as a consequence of enhanced neuro-immune signaling and central sensitization in the spinal cord (Campbell and Meyer, 2006; Ji and Strichartz, 2004; Tsuda et al., 2005) . Since psychosocial stress is often endured alongside these conditions (Gold et al., 2005; Scadding and Koltzenburg, 2006; Strang, 1998) and clinical observations suggest that stress increases susceptibility to develop pain and exacerbates existing pain (Ashkinazi and Vershinina, 1999; DeLeo, 2006; Greco et al., 2004; Nicholson and Martelli, 2004; Turner et al., 2002) , it is important to understand how stress affects the development and severity of neuropathic pain.
Stress hormones, e.g., glucocorticoids (GCs), could enhance pain-like behaviors (BlackburnMunro and Blackburn-Munro, 2003) . Conceptually, this may seem paradoxical since synthetic GCs are used to treat inflammatory conditions that cause pain including peripheral nerve injury. However, GCs also play a central role in neuroplasticity (Joels and Krugers, 2007; Revest et al., 2005; Wang et al., 2005) . Glucocorticoid receptor (GR) expression is increased in spinal cord dorsal horn neurons after nerve injury in rats Wang et al., 2005) and mice (Takasaki et al., 2005) . Adrenalectomy or intrathecal delivery of a GR antagonist (RU486) or GR anti-sense oligonucleotides reduces neuropathic pain caused by nerve injury (Takasaki et al., 2005; Wang et al., 2004) . Also, intrathecal delivery of dexamethasone, a synthetic GC, exacerbates pain-like behaviors . Collectively, these data suggest that exogenous GCs can influence the onset or maintenance of neuropathic pain; however, the impact of stress has not been evaluated in this context.
The purpose of the current study was to test the novel hypothesis that stress increases neuropathic pain. The results show that stress potentiates nerve injury-induced tactile allodynia via a mechanism involving GCs acting at GRs and glutamate receptor-mediated ERK activation in dorsal horn neurons (Daulhac et al., 2006; Ji et al., 1999; Karim et al., 2001; Kohno et al., 2008; Lever et al., 2003) . Indeed, pERK was increased in the spinal cord dorsal horn in stressed/ nerve-injured mice and pre-stress treatment with memantine, an NMDAR antagonist, prevented stress-enhanced allodynia. These novel data reveal that psychosocial stress, a natural consequence of most debilitating human diseases, can markedly exacerbate neuropathic pain and perhaps other pain-like syndromes (e.g., inflammatory pain) (Chover-Gonzalez et al., 2000; Khasar et al., 2008; Khasar et al., 2005; Rivat et al., 2007) .
Methods

Animals
Adult female C57BL/6 mice (Taconic, Germantown, NY, USA) were group-housed in standard cages with ad libitum access to food and water. Mice were maintained in a vivarium with controlled temperature (∼20° C) on a 12 hr light/dark cycle and were randomly assigned to experimental groups after a two week habituation period. Behavioral testing was performed during the light cycle. Mice were 8-10 weeks of age at the time of surgery. All procedures were conducted in accordance with protocols approved by the Ohio State University Institutional Laboratory Animal Care and Use Committee and with the guidelines of the Committee for Research and Ethical Issues of IASP.
Restraint stress protocol
Mice assigned to experimental groups incorporating stress were placed individually into wellventilated polypropylene tubes (2.8 cm internal diameter, 9.7 cm length) for 60 min. The restraint tube permits minimal, confined movement including postural adjustments. Mice not subjected to stress (No Stress groups) remained undisturbed in their home cages.
Drugs
Mifepristone (RU486; 50 mg/kg) and corticosterone (CORT; 1.5 mg/kg) were prepared in a sterile peanut oil vehicle (Veh). Memantine (MEM; 20 mg/kg) was prepared in sterile water vehicle. Drugs were administered in a 0.1 ml volume via intraperitoneal (i.p.) injection. All drugs were obtained from Sigma-Aldrich (St. Louis, MO, USA) and were prepared fresh daily. The concentration of CORT used in Experiment #2 was empirically defined to reproduce stressinduced plasma CORT concentrations in our lab and others (DeVries et al., 1995; Sugo et al., 2002) . For in vitro experiments using CORT, two preparations were tested: CORT (0.1 μM) dissolved in 0.0005% DMSO and 0.005% EtOH and water-soluble CORT-2-hydroxymethyl-β-cyclodextrin (HBC) dissolved in media (both from Sigma). Lipopolysacchande (LPS; E. coli 055:B5; lot no. 067K4056) was obtained from Sigma. Mouse recombinant tumor necrosis factor-α (rTNF-α) was obtained from eBioscience (San Diego, CA, USA).
Peripheral nerve injury procedure
The spared nerve injury (SNI) procedure was performed as described previously by Shields et al. (Shields et al., 2003) . Under isoflurane anesthesia (4% induction, 1.5% maintenance) in oxygen-enriched air and following shaving and aseptic preparation, an incision of the skin and biceps femoris muscle was introduced to expose the sciatic nerve and its three terminal branches at the upper-thigh level. Two of the branches, the sural and common peroneal nerves, were tightly ligated with 7-0 silk suture (Genzyme Biosurgety, Fall River, MA) and transected distal to the ligature. Subsequently, 1-2 mm of each nerve was resected, approximately 1 mm distal to the ligature. The tibial nerve was not disturbed. The muscle/fascia layer and skin layer were closed separately with 5-0 nylon suture (Syneture, Norwalk, CT).
Behavioral Testing
Punctate mechanical sensitivity was analyzed by measuring threshold response to von Frey filaments (Stoelting Co., Wood Dale, IL). Monofilament stimulation was applied to the midline of the plantar surface of each hind paw using the up-down method for threshold sensitivity (Chaplan et al., 1994) . The stimulus intensity threshold represents the smallest force that elicited repeated withdrawal of the hind paw during 10 trials (≥ 50% response sensitivity to smallest force). Threshold values represent von Frey hair handle markings that correspond to log 10 of (10× force in mg), as displayed in Figs 1&6 (Chacur et al., 2001 ).
Behavioral assessments were made without stress prior to SNI (Baseline; BL), 1 d after stress but prior to SNI (Pre-SNI) and on days 1, 3, 5, and 7 d post-SNI (Post-SNI 1, 3, 5, 7; Table  1 ). Table 1 summarizes the pharmacological and behavioral paradigm utilized in these studies. The paradigm incorporates two stress sessions; however, a single session immediately prior to SNI is sufficient to enhance allodynia (data not shown). Mice were acclimated to the testing procedure for 20 min each day for two days prior to the start of the experiment and for 10 min prior to the onset of each session. All behavioral measurements were conducted by an investigator that was unaware of the treatment groups.
Determination of plasma corticosterone concentration
At baseline (day -2 of the experiment), a blood sample was obtained from the periorbital sinus following restraint or injection of CORT. A sample also was collected from No Stress mice at baseline. On day 8 post-SNI, prior to transcardial perfusion, a blood sample was obtained from the periorbital sinus. All blood samples were collected within a 2 h time period beginning 3-5 h after the onset of the light cycle. After centrifugation, plasma was collected and stored at -70°C. Levels of plasma CORT were measured in duplicate samples using an 125 I radioimmunoassay kit (ICN Pharmaceuticals, Costa Mesa, CA).
Histological analyses
Mice were anesthetized with a ketamine/xylazine (80 mg kg −1 /10 mg kg −1 ; i.p.) cocktail prior to transcardial perfusion with 30 ml 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by 100 ml of 4% paraformaldehyde (sample size for post-SNI tissue collection: n=4 for 1 d; n=5-6 mice/group for 8 d). After perfusion, spinal cords were rapidly removed then post-fixed for 2 h, followed by a rinse and overnight immersion in 0.2 phosphate buffer (PB) solution. Tissues were cryoprotected in 30% sucrose in 0.2 M PBS for 48 h. Spinal cords were blocked in 8 mm segments centered on the L-5 level, embedded in optimal cutting temperature compound (OCT; Tissue-Tek, VWR International, West Chester, PA) and frozen at -80°C. Transverse serial sections (10 μm) were cut using a cryostat and thaw-mounted on SuperFrost Plus slides (Fisher Scientific, Houston, TX), then stored at -20°C until use. After drying at room temperature, slides were rinsed with 0.1 M phosphate buffer solution (PBS) and overlaid with blocking solution for 1 h. To identify the central projections of injured axons, slides were processed for isolectin-B4 staining (IB4, Griffonia simplicifolia; Sigma; (Beggs and Salter, 2007) ). After a brief 6% H 2 O 2 -MeOH incubation, slides were rinsed in 0.1 M PBS and incubated in Dulbecco's PBS plus 0.1% Triton X-100 (Sigma) for 30 mm, followed by biotinylated-IB4 (5 μg/ml) for 2 h at room temperature. After rinsing, slides were incubated in streptavidin-conjugated AlexaFluor 488. To label microglia, slides were incubated with antirabbit Iba-1 (Ito et al., 1998) (1:750; Wako, Richmond, VA) overnight at 4°C. Slides were then rinsed in 0.1 M PBS and incubated with either biotinylated goat anti-rabbit antibody (Vector, Burlingame, CA) or AlexaFluor 546-conjugated antibody in blocking solution. For immunoperoxidase labeling, slides were rinsed in 0.1 M PBS and incubated in 3% H 2 O 2 to quench endogenous tissue peroxidase. Bound antibody was visualized using the Elite-ABC reagent (Vector) followed by DAB substrate (Vector). To label activated ERK, slides were processed for antigen retrieval according to the manufacturer's instructions (Dako Target Retrieval Solution, Carpinteria, CA). Slides were incubated with anti-rabbit pERK (1:500; Cell Signaling Technology, Beverly, MA) overnight at 4° C. Sections were subsequently washed and incubated for 1-2 h with goat anti-rabbit AlexaFluor 546-conjugated antibody. While only 3-4 mm of spinal cord is necessary for analyses of L4-L6 segments, an expanse of 8 mm was collected initially to visualize any potential spreading of microglial reactivity beyond the affected segments. Loss of IB4 staining (Beggs & Salter, 2007; Shields et al., 2003) with a concurrent increase in morphological indices of microglial activation were used to identify spinal cord sections affected by injury. Analyses were conducted within this range of tissue sections. For analysis of labeling, the area containing the spinal cord dorsal horn was digitized under high-power using a Zeiss Axioplan 2 imaging microscope equipped with a digital camera (Zeiss Axiocam). Using an MCID Elite 6.0 image analysis system (Imaging Research, St. Catherines, Ontario, Canada), digitized images were quantified by outlining the superficial dorsal horn then quantifying areas of positive immunoreactivity (IR) relative to the total sample area, (expressed as proportional area (PA)) (Kigerl et al., 2006) . Iba-1 and p-ERK labeling were evaluated across the rostro-caudal extent of the 8 mm segment (as described above); however, quantitative analyses were restricted to a series of five sequential sections (∼200 μm apart) centered on the area clearly affected by injury as defined above. All data were obtained by an investigator that was unaware of the treatment groups.
Laser capture microdissection
Mice were anesthetized as above and intracardially perfused at 3 days post-SNI with DEPCtreated 0.1 M PBS (n=5/group; No Stress and Stress). The lumbar enlargement of the spinal cord containing L 4 -L 6 was blocked, embedded in OCT then flash frozen in N-methylbutane cooled by dry ice. Transverse serial sections (10 μm) were cut using a cryostat, then mounted on RNase free P.A.L.M. membrane slides (Zeiss, Thornwood, NY, USA) and stored at -80°C
. The laser capture microdissection (LCM) procedure used here has been described previously by our lab (Kigerl et al., 2007; Longbrake et al., 2007) . Briefly, sections were quick-stained with hematoxylin (Vector) and the dorsal horn region containing activated microglia (see Fig.  2 ) was circumscribed using the P.A.L.M. Microbeam laser capture system fit with a 5× cutting objective. Ipsilateral and contralateral dorsal horn tissue (∼6 mm 2 ) was collected separately in RNase-free tubes containing 20 μL of lysis buffer (RNaqueous Micro kit, Ambion, Austin, TX, USA). RNA was isolated using the RNaqueous Micro kit (Ambion) using the manufacturer's protocol optimized for LCM samples. Samples were DNase treated (RNaqueous kit, Ambion) and cDNA was prepared by reverse transcription with SuperScript II and random primers (Invitrogen, Carlsbad, CA, USA).
Quantitative RT-PCR (qRT-PCR)
To determine stress-induced effects on microglial activation and subsequent indices of neuroinflammation, select cytokine and microglial markers were analyzed from mRNA isolated from LCM samples. Gene-specific primer pairs for IL-1β, IL-6, TNF-α, and TLR4 were used as described previously (Kigerl et al., 2007) . The primer pair for amplification of CDllb was forward 5′-GGATCATAGGCGCCCACTT-3′ and reverse 5′-TCCTTACCCCCACTCAGAGACT-3′; for IL-1α, forward 5′-CAGGATGTGGACAAACAC-3′ and reverse 5′-GCTCACGAACAGTTGTGAATCTG-3′. Gene expression was determined using qRT-PCR and compared between No Stress and Stress mice (n=4-5/group). Primer sequence specificity was confirmed by performing BLAST analysis for highly similar sequences against known sequence databases. PCR reactions were carried out in triplicate using 1 μL cDNA/reaction and SYBR Green master mix (Applied Biosystems, Foster City, CA, USA) in 20 μL reactions. PCR product was measured using SYBR Green fluorescence collected on an Applied Biosystems 7300 system (Ririe et al., 1997) . Standard curves were generated for each gene using a control cDNA dilution series. Melting point analyses were performed for each reaction to confirm single amplified products. ΔΔCt analysis was used to normalize gene data to 18s ribosomal RNA expression, then each ipsilateral value was expressed as fold change from its own contralateral value. This analysis was used for between-group comparisons (No Stress vs. Stress ipsilateral gene expression). Within-group comparisons reflect ipsilateral vs. contralateral (injury-induced) gene expression.
In vitro corticosterone experiments
The immortalized BV-2 microglia cell line was used to examine the priming effect of CORT on LPS or TNF-α -induced IL-1β gene expression. Cells were treated with CORT (0.1 μM or Veh) for 60 mm or 24 h, then replaced with LPS (10 or 100 ng/ml, or Veh) or TNF-α (10 ng/ ml, or Veh) for 60 mm, 6 h or 24 h at 37° C in a 5% C02 humidified incubator. The Veh control for LPS and TNF-α was cell culture media (10% fetal bovine serum (Hyclone), 5% penicillin/ streptamycin and 5% glutamax in DMEM (Gibco/Invitrogen). Independent studies have shown that GCs are not purely immunosuppressive; they can enhance certain immune functions, especially when present in low concentrations (Drew and Chavis, 2000; Lim et al., 2007; MacPherson et al., 2005; Viswanathan and Dhabhar, 2005; Zhu et al., 2007) . Therefore, we compared varying CORT concentrations over a range from 0.1 μM to 1 mM (at 10× intervals) in an effort to identify an optimal priming dose. Since our goal was to prime rather than suppress microglial function, we used the lowest dose that did not suppress LPS-induced IL-1β gene expression. RNA was isolated using the Trizol method (Invitrogen) and IL-lβ transcript was measured using qRT-PCR as described above. A minimum of three independent experiments was conducted for each in vitro manipulation.
To determine the capacity for CORT to prime intracellular signaling, thereby providing an explanation for stress-mediated increases in allodynia, we evaluated NF-κB signaling using 3T3 fibroblasts either transiently transfected or stably expressing an NF-κB responsive luciferase reporter (generously provided by Dr. Denis Guttridge). 3T3 stable cell lines were generated by seeding at a density of 2×10 5 cells in 6 cm dishes 24 h prior to transfection. Cotransfection of seeded fibroblasts with 4 μg of reporter plasmid 3×κB-Luc and 1 μg of pcDNA3 (Invitrogen) was performed using Superfect reagent as recommended by the manufacturer (Qiagen). At 48 h post-transfection, the cells were trypsinized and cultured at 1/30 their density followed by selection in 1 mg/ml of Geneticin (G418; Life Technologies). Cells were allowed to expand under G418 selection and individual clones were selected as described by Guttridge et al. (Guttridge et al., 1999) . Cells were treated with CORT (0.1 μM or Veh) for 60 mm, then replaced with TNF-α (10 ng/ml, or Veh) for 60 min at 37°C in a 5% CO 2 humidified incubator. Transcriptional activity was measured in three independent experiments according to previously described methods (Guttridge et al., 1999) .
Data analysis
Behavioral data for Experiments 1, 3, & 4 were analyzed using one-way repeated measures analysis of variance (ANOVA). Behavioral data for Experiments 2 & 5 were analyzed using two-way (drug × stress) repeated measures ANOVA. Post-hoc analyses were conducted using Bonferroni's or Tukey-Kramer tests (for unequal sample sizes). Factorial ANOVA was used for histological analyses. Student's t test was used to analyze behavioral data for individual time points and between-group gene expression analyses. Within-group gene expression analyses were conducted using paired t-test. For statistical analyses and graphing, we used Statview for Windows 5.0.1 (SAS Institute, Cary, NC) and GraphPad Prism 5.00 for Windows, respectively (GraphPad Software, San Diego California USA). An α-level of p < 0.05 was used as an indication of statistical significance.
Results
Acute stress increases allodynia induced by nerve injury
To confirm that restraint stress elicited a physiologically appropriate response, we measured plasma CORT immediately after restraint. Circulating CORT was increased by ∼400% compared to the No Stress group (F(l, 10) = 16.97, p < 0.01; 637.5 ± 99.8 ng/ml vs. 176.6 ± 50.6 ng/ml; n=6/group; Fig. 1A ). Consistent with previous observations (Bomholt et al., 2005; Ulrich-Lai et al., 2006) , CORT measurements 8 days post-SNI revealed no stress-or injury-induced effects (p > 0.05; data not shown). In the absence of nerve injury, stress had no effect on paw withdrawal threshold (p > 0.05 vs. No Stress at Pre-SNI; Fig. 1B) . Likewise, after sham surgery, stress had no effect on paw withdrawal threshold (p > 0.05 vs. No Stress; n=2/group; Fig. 1B ). As expected, allodynia was observed following SNI as described previously (F(l, 10) = 103.51, p < 0.0001 vs. Baseline (or vs. Sham: (F(l, 14) = 12.68, p < 0.01) (Shields et al., 2003) . This is a decrease in gram force threshold of ∼80% (0.3g vs. 1.5g) from Baseline. This pain-like response was consistently enhanced by stress (F(1, 10)=87.20, p < 0.0001 vs. No Stress; n=6/group; Fig. 1B ).
RU486, a glucocorticoid receptor antagonist, mitigates stress-induced enhancement of allodynia after SNI
As in Experiment 1, allodynia was observed in all mice after SNI (F (3, 16)=94.31, p < 0.0001 vs. Baseline) and stress increased allodynia (F(3, 16) = 14.41, p < 0.0001 vs. No Stress + Veh). To determine if stress-mediated increases in circulating CORT contribute to enhanced allodynia, RU486 was injected prior to subjecting mice to stress and SNI. RU486 markedly suppressed allodynia in stressed mice (p < 0.001 vs. Veh; n=5/group; Fig. 1C ) but had no effect on allodynia caused by nerve injury alone (p > 0.05 vs. Veh). At Baseline and Pre-SNI time points, there were no differences between groups (p > 0.05).
Corticosterone increases nerve injury-induced allodynia
We next tested whether exogenous CORT mimicked the effects of restraint stress. At Baseline or Pre-SNI time points, paw withdrawal thresholds were not different between CORT or Vehtreated mice (p > 0.05). However, 24 hours after administering exogenous CORT, paw withdrawal thresholds were reduced relative to Baseline values (p < 0.0001; baseline vs. pre-SNI, Figure 1D ). Vehicle treatment had no significant effect on withdrawal threshold during pre-SNI testing (p > 0.05 vs. Baseline). After SNI, allodynia developed in all mice (F (1, 8) =30.75, p < 0.0001 vs. Baseline) but was exacerbated in mice treated with CORT prior to SNI (F (1, 8) = 16.58, p < 0.01 vs. Veh; n=5/group; Fig. 1D ).
Activation of microglia in spinal cord dorsal horn is transiently increased by stress
In response to most types of peripheral nerve injury, spinal cord microglia change shape and increase expression of different cell surface antigens. These changes often predict the induction of pro-inflammatory functions in microglia that contribute to the onset and maintenance of pain-like behaviors (Narita et al., 2006; Raghavendra et al., 2003; Tsuda et al., 2005) . To determine whether this model of SNI consistently activates microglia and whether this response is exacerbated by stress, we first measured dorsal horn immunoreactivity for the microglial marker, Iba-1. In each experiment, SNI induced morphological indices of microglial reactivity ipsilateral to the nerve injury (t (8) = 10.81, p < 0.0001 vs. contralateral dorsal horn; Fig. 2A-D) . Microglial activation was evident by 1 day post-lesion and increased further by 8 days (Fig.  2D) . In stressed mice, microglial reactivity was increased at one day post-SNI (t (6) =2.89, p < 0.05, vs. No Stress; n=4/group; Fig. 2D) ; however, by 8 days, the effect of stress had dissipated (n=5-6/group; Fig. 2D ).
Next, to better understand the potential functional implications of the enhanced morphological activation of microglia, we used laser capture microdissection to isolate injured and uninjured (contralateral) spinal cord dorsal horn regions populated by activated and resting microglia, respectively, at 3 days post-SNI. From these samples we measured changes in expression of CD11b, TLR4, IL-1α, IL-1β, TNF-α, and IL-6 mRNA. Consistent with the data from Fig. 2 , we found a small but non-significant induction of CD11b (a microglia-specific marker) mRNA after SNI (Fig. 3A) that was enhanced by stress (t (4)=3.63, p < 0.05 vs. contralateral; n=5/ group; data not shown). Expression of CD11b and TLR4 transcript in injured dorsal horn tissue was increased by stress (t (7)=2.67, p < 0.05 and t(6)=4.03, p < 0.01, respectively, vs. No Stress ipsilateral; n=4-5/group; Fig. 3A, B) . However, expression of downstream cytokine transcripts, IL-1β, IL-6, TNF-α, and IL-1α was unaffected by SNI or stress (p > 0.05 for all comparisons; Fig. 3C-F) .
Corticosterone neither enhances nor suppresses inflammatory responses in vitro
Elevated transcript for CD11b and TLR4 (Fig. 3) suggests that microglia are primed by stress. The absence of stress-induced cytokines, however, may indicate that any priming effect of stress-derived glucocorticoids (GCs) on microglial function preceded the timing of our analyses (3 days post-SNI). Thus, two in vitro assays were used to test the hypothesis that stress-induced GCs could prime intracellular signaling in microglia. Indeed, acute stress prior to surgery has been shown to enhance inflammation, and stress-induced CORT may alert immune cells to impending injury (Dhabhar, 2003; Viswanathan and Dhabhar, 2005) .
First, to determine if GCs can enhance the function of microglia (e.g., in response to a stimulus released in dorsal horn after SNI), we examined the effect of CORT pre-treatment on BV-2 cells stimulated with LPS or TNF-α. LPS is the prototypical ligand for toll-like receptor 4 (TLR4), the activation of which contributes to cytokine production and pain after nerve injury (Tanga et al., 2005) . TNF-α is produced after injury and also contributes to neuropathic pain Hao et al., 2007; Schafers et al., 2003a; Schafers et al., 2003b; Zanella et al., 2008) . Further rationale for the use of LPS and TNF-α derives from the observed stressinduced increase in TLR4 (LCM data; Fig. 3) , that, when activated, drives NF-κB activation and subsequent TNF-α production. When CORT was applied to cells for 1 or 24 hours (based on the in vivo stress and CORT pre-treatment paradigm and time course of development of allodynia, respectively; see Fig. 1 ) then replaced with LPS or TNF-α for 1, 6 or 24 hours, IL-1β gene expression was generally unaffected (p > 0.05 vs. Veh pre-treatment). In one out of three experiments, CORT pre-treatment increased IL-1β mRNA; however, the reason for the inconsistency could not be determined and no contamination was evident. Because ethanol, a component of the vehicle in which CORT was prepared, suppresses TLR4 function (Dai and Pruett, 2006) , we next tested water-soluble CORT. Again, CORT pre-treatment had no effect on LPS-or TNF-α-induced IL-1β gene expression (p > 0.05 vs. Veh+LPS/TNF-α; Fig. 4A ). LPS-induced nitric oxide production was also unaffected by CORT pre-treatment (data not shown).
To broaden the analysis further, we analyzed CORT effects on priming of NF-κB transcription. NF-κB operates upstream of numerous pro-inflammatory mediators that are known to cause or be associated with pain (Meunier et al., 2007; Tegeder et al., 2004) . NIH3T3 cells were either stably or transiently transfected with an NF-κB responsive luciferase reporter, 3×κB. Cells were primed with CORT for 1 hour then were stimulated with TNF-α (10 ng/ml) for 1 hour. Transcriptional activity was measured by luciferase assay as previously described (Guttridge et al., 1999) . Although TNF-α markedly enhanced NF-κB activity (p < 0.05 vs. Med/CORT Veh), CORT pre-treatment did not increase (or decrease) this response (p > 0.05 vs. Veh + TNF-α; Fig. 4B ).
Stress increases phosphorylation of ERK in the dorsal horn after SNI
Because stress-enhanced allodynia was not accompanied by a persistent pro-inflammatory microglial response, we next questioned whether the effects of stress were a result of enhanced central sensitization. Indeed, acute stress and GCs can sensitize neurons to injury-induced activation in part by increasing glutamatergic signaling via NMDA receptors (Ahmed et al., 2006; Kim et al., 1996; Norris and Strickland, 2007; Wang et al., 2005; Yang et al., 2008) . Activation of glutamate receptors has been implicated in stimulation-evoked ERK activation in spinal cord dorsal horn neurons (Daulhac et al., 2006; Ji et al., 1999; Karim et al., 2001; Kohno et al., 2008; Lever et al., 2003) , therefore we determined the effect of stress on dorsal horn pERK immunoreactivity. As shown in Fig. 5 , stress increased pERK labeling in the superficial laminae one day after SNI (t (38) =4.58, p < 0.05 vs. No Stress; n=4/group). Consistent with previous work (Ji et al., 1999; Song et al., 2005; Zhuang et al., 2005) , pERKpositive cells exhibited neuronal morphology. We did not test the effects of stress alone (with sham injury) on pERK induction.
Memantine blocks stress-enhanced allodynia after SNI
To determine whether the stress-mediated increase in pERK predicts or reflects enhanced signaling via NMDA receptors and thus "central sensitization", we pre-treated mice with memantine (MEM), a moderate affinity NMDA receptor antagonist. MEM pre-treatment attenuated the development of allodynia in both Stess and No Stress mice; however, this effect was only evident at 1 day post-SNI (p < 0.01 vs. Veh). In contrast, MEM prevented the enhanced pain-like behavior caused by stress for the duration of the testing (F (3, I5) =9.6l, p < 0.001 vs. Veh+Stress; n=6-7/group; Fig. 6 ).
Discussion
The present data show that stress exacerbates pain-like behavior caused by peripheral nerve injury. Two lines of evidence reveal a causal role for glucocorticoids (GCs) in this response. First, exogenous CORT reproduced the effects of stress. Second, pharmacological inhibition of glucocorticoid receptors (GRs) with RU486 blunted the potentiating effects of stress on nerve injury-induced allodynia. Recently, it was shown that nerve injury increases spinal GRs (Takasaki et al., 2005; 2006; Wang et al., 2004; Wang et al., 2005) . Thus, the potential for stress-induced GCs to exert effects on spinal cord neurons or glia is enhanced by nerve injury. Despite the novelty of these data, the precise cellular and molecular intermediates affected by circulating GCs that results in exacerbated neuropathic pain are unknown. We tested two distinct mechanisms of neuropathic pain as substrates for CORT effects: microglial reactivity and neuronal sensitivity.
Acute stress activates inflammatory processes (Burns et al., 2008; Steptoe et al., 2007; Viswanathan and Dhabhar, 2005) and neuroinflammation has been implicated in the induction of neuropathic pain in models of central and peripheral nervous system injury. Therefore we predicted that resident CNS "immune cells", i.e., microglia (Gehrmann et al., 1995; Streit et al., 1988) , would exist in a hyperactivated state in stressed mice. Although we observed that stress accelerated morphological (Iba-1 labeling) and phenotypic (CD11b and TLR4 mRNA) indices of microglial activation elicited by SNI, and that these changes temporally corresponded with the onset of an exaggerated allodynia (∼24-72 hours post-SNI), these changes were not maintained. Moreover, we found no evidence that stress or GCs could enhance pro-inflammatory signaling in vivo or in vitro. It is possible that had we used primary microglia instead of BV-2 cells, GC-mediated priming would have become evident. Indeed, Horvath et al. (2008) have shown that compared to BV-2 cells, primary microglia are more responsive to pro-inflammatory signaling. Still, we found little evidence of enhanced microglial activation or cytokine signaling in vivo (see above and Fig. 3) . Collectively, these data were surprising given that there is a large body of evidence linking microglia and proinflammatory cytokines (mRNA and protein) to the induction of neuropathic pain (DeLeo and Yezierski, 2001; Detloff et al., 2008; Milligan and Watkins, 2009; Narita et al., 2006; Tsuda et al., 2005) . However, independent studies have shown that acute stress, akin to that used in this report, can induce rapid (within 6 hours) and transient morphological changes in microglia without evoking changes in pro-inflammatory cytokines (Sugama et al., 2007) .
Although stress accelerated the microglial response to SNI without an apparent increase in expression of pro-inflammatory cytokine mRNA or NFκB transcription, we still cannot entirely dismiss a role for activated microglia in contributing to the enhanced pain-like state experienced by stressed mice. Indeed, changes in mRNA do not always faithfully predict changes in synthesis or release of that protein. Also, microglia release other mediators, including brain derived neurotrophic factor (BDNF), that we did not measure but that can enhance neuronal excitability. In response to nerve injury, activation of purinergic receptors (e.g., P2X4) on microglia elicits BDNF release, which in turn increases neuronal excitability (Coull et al., 2005; Tsuda et al., 2003; Ulmann et al., 2008) . Interestingly, enhancement of BDNF synthesis is observed following acute stress (Smith et al., 1995; Yang et al., 2008) . To our knowledge, the regulation of BDNF production after stress or in response to exogenous GCs has not been established in the spinal cord after nerve injury. Thus, it is feasible that GCs facilitate microglia-neuron communication via BDNF. This could facilitate or act in parallel with stress and GC-mediated activation of mitogen activated protein kinases (MAPKs) (Meller et al., 2003; Norris and Strickland, 2007; Revest et al., 2005; Sananbenesi et al., 2003) and NMDA receptor activation in neurons (Cho and Little, 1999; Jing et al., 2008; Qi et al., 2005; Wang et al., 2005; Wong et al., 2007; Yang et al., 2008) . Other glial cells, particularly astrocytes, have well-documented roles in neuropathic pain (Kawasaki et al., 2008; Tanga et al., 2004; Zhuang et al., 2006) and are responsive to corticosterone exposure (Melcangi et al., 1997; Ovadia et al., 1984; Vielkind et al., 1990) , thus could play a role in stress-induced pain enhancement (LaCroix-Fralish and DeLeo, 2007) . Given the potential for these different stressinducible pathways to "sensitize" or activate glia and/or neurons, it is intriguing that stress alone failed to elicit allodynia (Fig. 1B) . In contrast, exogenous Cort was able to cause modest tactile allodynia in the absence of nerve injury; however, this "pain-like" behavior was variable and modest compared to that caused by nerve injury alone. Only when GCs were combined with nerve injury did we observe a consistent and sustained allodynia.
Most of the data in this report suggest that the combination of stress and nerve injury triggers a complex interplay between GCs, GRs and enhanced glutamate transmission. Specifically, the stress-induced increase in activation of extracellular signal-regulated protein kinase (pERK) in spinal cord dorsal horn and the ability of memantine, an open-channel NMDA receptor antagonist, to block stress-enhanced allodynia (see Figs. 5&6 ), suggest that these pathways converge to cause central sensitization. Published data support this notion. Neuronal and glial glutamate transporters in the spinal cord are downregulated and glutamate uptake is reduced after nerve injury (Binns et al., 2005; Hughes et al., 2004; Sung et al., 2003) . Importantly, EAAC1 downregulation is regulated by GRs; RU486 or GR antisense oligonucleotide treatment restores EAAC1 expression after nerve injury (Wang et al., 2006) . These data support the possibility that stress-induced activation of GR results in decreased glutamate uptake and subsequent NMDA receptor activation. Indeed, stress or corticosterone has been shown to decrease glutamate transporter expression (Jacobsson et al., 2006; Madrigal et al., 2003) and increase extracellular glutamate (César Venero, 1999; Lowy et al., 1993; Moghaddam et al., 1994; Reznikov et al., 2007) . GCs also augment nerve injury-induced expression of neuronal NMDA receptors, a phenomenon reversible by RU486 (Wang et al., 2005) . Activation of NMDA and metabotropic glutamate receptors are implicated in ERK activation in dorsal horn spinal cord neurons and the subsequent induction of pain (Daulhac et al., 2006; Ji et al., 1999; Karim et al., 2001; Kawasaki et al., 2004; Kohno et al., 2008; Lever et al., 2003; Xu et al., 2008) . Thus, suppression of neuronal and glial glutamate transporters by stress and GCs could impair removal of glutamate from the extracellular space and prime glutamatergic transmission through MAPK activation and upregulation of ionotropic and/or metabotropic glutamate receptors.
Clearly, more work is needed before we fully understand the mechanisms underlying the exaggerated pain-like behavior that we observed in stressed mice. However, this study has important clinical implications as the data show that stress may predict the induction and pathogenesis of chronic pain (Diatchenko et al., 2006) . The significance of psychosocial effects on pain is emphasized by the delayed onset of neuropathic pain in various diseases and neurological disorders including cancer, post-herpetic neuralgia, amputation, HIV, ischemia and spinal cord injury. This temporal gap between insult and pain onset provides an opportunity for clinical intervention and underscores the need for greater understanding of the mechanisms that control communication between stress hormones, neurons and CNS glia. Dorsal horn pro-inflammatory gene expression is not altered by stress 3 days post-SNI. A, B) Stress increases CD11b and TLR4 gene expression, indicative of enhanced microglial activation (also see Fig. 2 ). C-F) In contrast, the expression of pro-inflammatory genes known to be associated with neuropathic pain is not increased by SNI or Stress. Data are normalized to the internal control gene (18s), and expressed relative to their contralateral value. Results are expressed as mean ± SEM; n=4-5/group. *p<0.05; **p<0.01. Stress increases nerve injury-induced pERK. A&B) pERK labeling in superficial dorsal horn at 1 day post-SNI is increased by stress. C) Quantitative analysis of pERK labeling confirms stress-induced increases in pERK (p < 0.0001 vs. No Stress (NS); PA=proportional area). Results are expressed as mean ± SEM; n=4/group. Scale bar in B = 100 μm. Stress-induced potentiation of allodynia is NMDA receptor-dependent. Pre-stress treatment with memantine (MEM) blocks the effects of stress on allodynia (post-SNI days 1, 3, 5, and 7) after nerve injury (**p<0.01 vs. Veh + Stress). Results are expressed as mean ± SEM; n=6-7/ group; y-axis values represent von Frey hair handle markings.
